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Abstract 
Quality inspection is a standard process step in manufacturing processes and a lot of in situ measurement technology is available. Nevertheless, 
downscaling the dimension of the produced components to the micro domain requires new quality inspection and measurement technologies to 
acquire and analyze 2D texture and 3D shape information. In typical micro (bulk) production scenarios quality inspection is realized via 
microscopic imaging in an offline procedure where an expert analyzes a few samples of the produced micro components. This process is time 
consuming and 100% quality inspection is not feasible. We present an automated demonstration platform to handle, sort and inspect metallic 
micro components. Bulk handling of micro components is realized by a robotic system in combination with a vibration helical conveyor. For 
quality inspection of micro components plenoptic cameras are used which are able to acquire 2D and 3D information in a single measurement 
step. Due to the compact design of plenoptic cameras an easy integration in the manufacturing process and an in situ measurement is possible. 
Based on fast image acquisition and image processing 100% quality inspection of metallic micro components is possible which will also 
concern the complete process of quality control. A case study in a micro cold forming scenario will demonstrate the fundamental suitability of 
the proposed technique.  
 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Modern electronic devices, like smartphones, consumer 
electronics, healthcare applications or surveillance and safety 
assistant systems in automobiles combine a huge variety of 
functions and offer a high level of comfort and functionality 
in reduced space. To ensure high quality of miniaturized 
products, micro technology offers techniques, tools, and 
process configurations for reliable mass production of micro 
components to realize a continuous trend of miniaturization 
and multi-functionalization. In the last decades, micro and 
nano manufacturing and metrology was driven by micro-
electro-mechanical systems (MEMS), where well established 
manufacturing methods based on semiconductor technologies 
are able to produce structures in atomic dimension [1, 4].  
In order to produce metals or polymers, classical 
manufacturing technologies, like forming, have to be applied 
and downscaled from macro to micro scale. The focus in this 
paper is based on mechanical micro parts manufactured by 
micro deep drawing. To fulfill the requirement of the term 
micro, at least two geometric dimension of the micro part 
have to be less than 1mm in size [2, 3]. By downscaling 
process parameters to the micro scale or vice versa size 
effects might occur which leads to unexpected process 
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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behavior. These effects can be systematically grouped in 
density, shape and structure effects [6, 7]. A detailed 
overview about size effects in micro forming is given in [8]. 
A more general categorization of micro manufacturing refers 
to Hansen et al. [1] and Alting et al. [2] and is based on micro 
product categories: 
 
x Mechanical Microparts 
x MEMS 
x Bio-Medical Devices 
x Chemical Analysis 
x Optical Devices 
 
The main difference in the proposed categories is the 
structure size which can be realized by the manufacturing 
processes. As mentioned before, in MEMS systems the 
possible structures are smaller compared to mechanical micro 
parts. Besides tools, materials and process configurations a 
major task in micro manufacturing is quality inspection and 
classification of surface and geometry deviations with respect 
to specific defect classes. Based on the dimension of the 
micro component a well-suited metrology which enables the 
measurement of surface and geometry in micro scale is 
needed. In many industrial applications this step is realized by 
microscopic imaging. An expert draw samples and inspect 
them manually in an offline way. To enable 100% in situ 
inspection of metallic micro components new technologies are 
needed to ensure reliable quality control. Especially in 
automobile industry 100% quality inspection is intended to 
achieve highest safety standards. This paper introduces the 
application of novel microscopic light field cameras based on 
the plenoptic principle. The camera allows acquiring 2D 
texture and 3D geometry information in one single 
measurement and enables in-process measurement of micro 
components with high frame rate. The principle suitability of 
the proposed technology is demonstrated in a real micro cold 
forming scenario realized on a demonstration platform. 
2. Quality inspection of micro components 
To analyze quality aspects of a micro component different 
metrology strategies are applicable. Hansen et al. analyzed 
different techniques for micro and nano dimensional 
metrology [1]. Besides different measurement principles they 
also defined specific measurement tasks related to the micro 
and nano domain, like roughness, geometry and texture. Fig. 1 
gives a brief overview about basic techniques and categorizes 
them with respect to structural dimensions and structural 
complexity.  
Coordinate measuring machines (CMM) offer great 
potential for ultra-precise form inspection but no 2D texture 
can be extracted [1]. In contrast to CMM optical methods 
work in a contactless way and therefore do not effect or 
change the object under investigation. Systems like scanning 
electron microscopy (SEM) extract very precise 2D 
information, but are limited with respect to the 3D geometry 
of the micro part. Also in-process metrology is not possible 
because of elaborate measurement arrangements or long 
measurement times.  
As indicated in [1, 5], a variety of 2D, 2,5D and 3D 
measurement systems are available but they are expensive or 
slow and no inline quality inspection system for mass 
production in the micro domain is available. With respect to 
Fig. 1 there exists a lack of real 3D measurement systems. It 
is also obvious that no measurement system combines 2D and 
3D information in one single arrangement. To close this gap 
of 2D and 3D sensor fusion and to get holistic, more accurate 
and much more reliable sensor information Weckemann et al. 
gave an overview about multisensory data fusion in 
dimensional metrology [9, 10]. Sensor data fusion combines 
the advantages of different sensor arrangements and fuses the 
single information to a final data representation. Besides 
precision of the resulting fused sensor information, multiscale 
technologies which can be scaled from macro to the nano 
scale are in focus of this research area. 
The choice of an appropriate measurement setup for the 
quality inspection of metallic micro components will be 
influenced based on but is not limited to specific parameters 
like 
 
x Lateral resolution 
x Depth resolution 
x Costs 
x Feature dimension 
x Defect size 
x Illumination 
x Installation space 
x Speed 
x 100% inspection or sampling 
 
The lateral and depth resolution is a major restriction in the 
micro range. Based on the dimension of the micro component 
and the desired magnification there is a loss of depth of field. 
Also costs play an important role, because in general sensors 
Fig 1: Categorization of nano and micro metrology including light 
field technology (based on [1]) 
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Fig. 3:  Light field camera mounted on a conveyor belt ( Camera: 
Raytrix R5μ) 
for the micro range are much more expensive than sensor 
arrangements for the macro domain [11]. It is also important 
to define the expected size of defects or features the 
measurement system has to solve. When defects are in a range 
of a few microns or higher there is no need for a high 
resolution metrology. If roughness has to be analyzed, 
microscopic solutions are required. Measurement speed is a 
limiting factor in inspection of micro components. Tactile 
methods as well as microscopic solutions are limited with 
respect to runtime and in most cases are not designed for 
inline inspection. Therefore, in real processes an expert takes 
samples of micro components and analyze them in an offline 
way. This effects the process control, because deviations from 
a given quality guideline cannot be detected in real-time. 
To resolve the conflict between 100% inline inspection, 
measurement uncertainty and robustness we introduce the 
light field camera which is based on the plenoptic principle 
introduced by Lippmann [12] and further developed by 
Adelson and Bergen [13, 14]. A standard camera capture the 
light fallen from a scene through the lens in the sensor. In 
contrast to that a light field camera is able to additionally 
capture the direction of the light. This is realized by an 
additional lens adjustment.  Fig.1 shows the classification of 
the light field system compared to other existing systems. The 
light field camera is able to acquire 2D texture and 3D shape 
information in one single measurement step. 
Besides image acquisition the analysis of 2D and 3D image 
data is the second part of quality inspection. Scholz-Reiter et 
al. introduced an unsupervised surface inspection method for 
metallic micro components based on multi-scale and texture 
analysis [15]. Weimer et al. used neural networks and 
statistical feature representations for reliable surface 
inspection in the micro range and evaluated the system in a 
micro cold forming scenario [16].  
In the next sections we introduce the plenoptic camera in 
combination with a demonstration platform for bulk handling 
of metallic micro components produced in a micro deep 
drawing process. We refer to them as micro cups. In a basic 
case study we show the potential and limits of the light field 
camera with respect to runtime and accuracy. 
3. Plenoptic camera principle 
A traditional camera accumulates the light intensity at each 
image point to a final image representation. In contrast to the 
traditional camera a plenoptic camera, also known as light 
field camera, is additionally be able to separate intensity 
values for each ray direction. An extra lens array, called micro 
lens array, allows the separation of light rays fallen on the 
sensor with respect to light direction. Fundamental work in 
this field was done by Ng et al. who developed a hand-held 
camera system based on the plenoptic principle [19, 20]. Fig. 
3 shows the light field camera installed on the demonstration 
platform. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The theoretical basis for the light field camera is based on the 
plenoptic function introduced in [13]. This function defines a 
seven-dimensional space which describes all information 
about the light for each point in a 3D space, its direction, 
Fig. 2: Theoretical principle and lens configuration of the plenoptic camera 
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Fig 4: Demonstration platform for bulk handling of micro 
components 
wavelength and time. The plenoptic function is formulated in 
Eq. 1. 
 zyw xxxtLL ,,,,,, OIT                                               (1) 
The function represents the intensity at each position xw, 
xy, xz of the light fallen into the lens. The orientation of the 
light will be described by the angles ɸ and θ. By neglecting 
wavelength λ, time t and setting specific geometrical 
properties the function can be reduced in space. A more 
detailed discussion is given in [13, 14]. Fig. 2 displays the 
basic principle of a light field camera. Light rays from an 
object of size G falls through the lens with focal length f and 
aperture diameter D. A detailed list of the parameters and 
variables is given in Table 2. 
The micro lens array consists of N’×N’ micro lenses where 
the number of pixel N×N on the sensor is higher than the 
number of micro lenses, therefore N > N’. Each micro lens 
has a diameter of D’. The intensity of the light emitted by the 
object can be captured with respect to direction because the 
pixel position under a specific micro lens corresponds with 
the direction of the light fallen on the sensor. This principle is 
shown in Fig. 2. Light which falls through the main lens to a 
micro lens can only be captured by specific pixel, e.g. P1. 
Based on these local correspondences the camera system is 
able to capture a section of the light field and therefore the 
direction of the light. The main advantage for optical 
inspection is on the one hand, that light field cameras have a 
much higher depth of field compared to standard cameras. It 
can be shown that light field cameras have a higher depth of 
field by a factor of N/N’ [21, 22]. On the other hand, the 
resolution of the image data are limited because based on the 
sensor principle the total resolution of the system is defined 
by the size of the micro lens array N’×N’. As mentioned 
before, this is smaller than the original sensor resolution N×N. 
Table 1. General Description of parameters and variables of the light field 
principle 
Parameter/variable description 
G Object size 
D Lens diameter 
S Local field of view from a micro lens with 
respect to the main lens 
f Focal length 
g Distance from object to lens 
b Distance from lens to micro lens 
N Number of sensor pixel 
N’ Number of micro lens arrays 
b’ Distance micro lens array sensor 
D’ Diameter of one micro lens 
 
One additional major advantage of the light field camera is 
the extraction of 3D depth information without additional 
sensor arrangements. The different micro lenses can be treated 
as a multi stereo camera system and corresponding algorithms 
known from stereo camera systems can be used to reconstruct 
the depth in the scene [20, 21, 22]. Therefore the plenoptic 
camera offers 2D and 3D image information with high depth 
of field but with limited resolution. The frame rate of 24 fps is 
comparable to standard cameras used in industry but can be 
improved up to 140 fps. Compared to microscopic or tactile 
solutions the higher frame rate offers the potential to allow 
100% in situ quality inspection of metallic micro components. 
Light field cameras in general are at the beginning for 
industrial usage. Research focuses e.g. on super resolution 
algorithms based on 4D light fields to increase the resolution 
of cameras based on the plenoptic principle [23]. LYTO 
developed the first light field camera for the consumer market 
where the camera allows a perspective shift and a refocusing 
in a post-process step after image acquisition [24]. 
4. Demonstration platform 
To handle micro bulk components, a hardware setup has to 
be defined which sorts and separates micro components and 
order the micro components in line vise fashion. Fig. 4 shows 
the arrangement of the experimental hardware setup. The total 
dimension of the demonstration platform is 900mm×900mm. 
The software setup is realized based on the robot operating 
system (ROS) and runs under a LINUX operating system.  
 
A KUKA 5-axis youbot grips special boxes containing 50-
100 micro cups and supplies them to a vibration helical 
conveyor (VHC) from AViTEQ of type TFH 600 with a 
diameter of 160mm. Fig. 5 shows that the micro cups are 
separated by the vibration of the VHC in combination with 
specific barrier elements. These barrier elements prevent from 
stitching of single micro components based on static charge or 
mechanical reasons which are a huge challenge in the area of 
Fig. 5: Separated micro cups on the conveyor belt with acceptable vertical 
and horizontal spread. Notice the different orientation of the micro cups. 
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bulk handling of metallic micro components. To avoid these 
micro specific effects in micro bulk handling ongoing 
research focuses on line linked micro parts to transform the 
challenges of micro handling to the macro domain [17].  
  The VHC separates the micro cups and supply them 
further to a conveyer belt, see Fig. 6. It is very important for 
the final visual inspection step, that the micro parts are 
separated with respect to a specific horizontal distance dh 
between each micro part and inside a specific vertical spread 
dv. The horizontal distance dh between two micro cups can 
differ in a much coarser interval but have to be larger than 
3mm with respect to the field of view from the camera for 
visual inspection. The spread in vertical direction dv is more 
restricted and should not exceed 1,5mm. This ensures reliable 
image acquisition and quality inspection results. 
The final element of the demonstration platform is the light 
field camera system shown in Fig. 3. The light field system 
consists of the light field camera, a tubus with a high quality 
ocular and a microscopic optics with 5x objective lens. The 
parameters of the camera system are listed in Table 2. The 
camera is a R5μ light field microscopy camera from Raytrix 
[18] mounted on the demonstration platform. The distance 
from the lense to the micro components on the conveyor belt 
is 40 mm. 
Table 2. Parameters of the light field camera 
Camera parameter value 
Interface GigE 
Color monochrome 
Aperture f/23 
Sensor CMOS 
N’× N’ (# of micro arrays) 12000 
NxN (sensor resolution) 2048×2048 
Lateral resolution 1 MP 
Lenslet size (Pixel/micro lense) 23 
Frame rate 24 fps 
 
The demonstration platform is able to handle metallic 
micro components in a fully automated fashion. Equipped 
with the light field system, the platform is theoretically able to 
inspect 24 micro parts per second based on 2D texture and 3D 
shape information.   
5. Case Study 
To analyze the principle applicability of the light field 
system for quality inspection of metallic micro components 
this section gives an impression about the result for 2D and 
3D image acquisition. A metallic micro cup manufactured via 
micro cold forming was measured from top view. The basic 
measurement setup is displayed in Fig. 7. The diameter of the 
micro cup is 1mm with a height of 500 microns respectively. 
To acquire the 2D and 3D information just one single 
measurement is necessary. In surface inspection setups 
illumination plays an important role.  
Fig. 8 shows the results for one non calibrated 
measurement run. On the left side the 2D result is displayed. 
The focus point is set to the ground plane. This is the reason 
why the upper part of the micro cups seems blurred. Based on 
the physical properties it is possible to re-focus to other cup 
positions, for example to the top of the cup, after image 
acquisition. Despite the dimension of the micro cup which is 
smaller than 1mm in two geometrical dimensions and the 
required focus and magnification the whole micro cup is sharp 
in an acceptable way for quality inspection based on image 
processing techniques. This depth of field is not achievable 
with standard cameras and shows the potential of the light 
field system. Fig. 8 b) shows the reconstructed 3D depth view 
of the micro cup. The colors represent the depth of the scene, 
where high height values correspond to red color values. 
Based on the 3D geometry reconstruction it is possible to 
calculate basic geometrical properties like diameter or height 
in an inspection process. The resolution of the 3D view with 
Fig. 6: Vibration helical conveyor for the separation of metallic micro 
components. 
Fig. 7: Measurement setup for the light field system to acquire 2D 
and 3D data from a metallic micro cup 
Fig 8: Measurement results of the plenoptic camera for a metallic micro cup, 
a): 2D texture, b) 3D shape 
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the proposed setting is not applicable for microscopic 
investigations regarding roughness or microscopic defects. 
But the system allows basic quality inspection combining 
texture and shape.  
DIN EN ISO 8785 describes different classes of surface 
imperfections. Some categories are cracks, contaminations, 
bumps or humps. The detectability of the different defect 
classes corresponds to the size of the defect and therefore no 
general suitability for the system can be determined. But 
defects which are not detectable in the 3D information can be 
detected in the 2D texture image if they are represented for 
example by deviations in color on the micro cup surface. 
Therefore the combination of texture and shape will lead to 
reliable defect detection within the given tolerances of the 
system. 
6. Conclusion 
Reliable quality inspection is important for stable 
manufacturing processes. Based on the dimensions in the 
micro domain there is a lack of fast and compact image 
acquisition techniques which are able to acquire 2D texture 
and 3D shape in an in-situ measurement setup. Many 
applications are focusing on microscopic or tactile solutions 
which are accurate but do offer 100% inline quality 
inspection. 
We introduced the application of a novel camera system 
based on the plenoptic principle which is able to capture the 
light field from a scene and reconstruct the 2D and the 3D 
information with one single sensor technology. A case study 
has shown promising results based on metallic micro cups 
manufactured in a micro cold forming scenario. The target of 
the project is the inspection of 400 micro cups per minute. 
Based on high image acquisition frequency (24 fps up to 140 
fps) the proposed system offers the opportunity to realize a 
100% quality inspection of metallic micro components. 
The main limitation of the proposed camera system is 
currently the limited lateral and depth resolution. This affects 
the detectable defect feature size and therefore the camera is 
currently able to detect coarse defects in the range of 10 
microns. 
Future research will focus on the calibration of the system, 
determination of repeatability and distribution of specific 
measurement features, as well as a comparison with state of 
the art metrologies in the micro domain. Furthermore, a main 
field of research focuses on increasing the local resolution. 
Basic work in this area is proposed in [23]. The VHC which 
separates and supplies the micro cups is also a limiting factor 
and will be improved in further studies. 
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